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The TIM23 complex is a hub for translocation of preproteins into or across the
mitochondrial inner membrane. This dual sorting mechanism is currently being
investigated, and in yeast appears to be regulated by a recently discovered subunit,
the Mgr2 protein. Deletion of Mgr2p has been found to delay protein translocation
into the matrix and accumulation in the inner membrane. This result and other findings
suggested that Mgr2p controls the lateral release of inner membrane proteins harboring
a stop-transfer signal that follows an N-terminal amino acid signal. However, the
mechanism of lateral release is unknown. Here, we used patch clamp electrophysiology
to investigate the role of Mgr2p on the channel activity of TIM23. Deletion of Mgr2p
decreased normal channel frequency and increased occurrence of a residual TIM23
activity. The residual channel lacked gating transitions but remained sensitive to synthetic
import signal peptides. Similarly, a G145L mutation in Tim23p displaced Mgr2p from
the import complex leading to gating impairment. These results suggest that Mgr2p
regulates the gating behavior of the TIM23 channel.
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INTRODUCTION
The biogenesis of most proteins in the mitochondrial matrix and the inner membrane
relies on the function of the TIM23 complex. The list of imported proteins includes
regulators of core metabolic functions (Sass et al., 2003; Danczak-Pazdrowska et al., 2012),
mitochondrial dynamics (Herlan et al., 2004; Ishihara et al., 2006), and of mitophagy (Jin
et al., 2010), which underlies the importance of TIM23 to mitochondrial function. The
core of the TIM23 complex contains a pore that is essential for protein insertion into
or translocation across the inner membrane. The pore is permeable to proteins harboring
a structurally conserved amino-terminal acid domain or “presequence” which warrants
translocation into the matrix, unless that domain is followed by a hydrophobic “stop-transfer”
amino acid sequence (Bohnert et al., 2010). The gating of this protein-selective pore has
been extensively studied in patch clamp experiments on isolated mitochondrial membranes.
Patch clamping was also instrumental to functional dissection the main TIM23 components
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(Sigma-Aldrich) liposomes were mixed in 5 mM HEPES (N-2hydroxyethylpiperazine-N0 -2-ethanesulfonic acid, pH 7.4), and
dotted on a glass slide. The dots were dehydrated for ∼3 h
and then rehydrated overnight with 150 mM KCl and 5 mM
HEPES, pH 7.4, at 4◦ C. Once reconstituted, the membranes were
harvested with 0.5 mL of the same media and stored in small
aliquots at −80◦ C.

(Lohret et al., 1997; Kinnally et al., 2000; Martinez-Caballero
et al., 2007a). There are five membrane-spanning TIM23
subunits: Tim23p and Tim17p are thought to be the pore
components (Martinez-Caballero et al., 2007a); Tim50p is the
main presequence receptor and a putative structural scaffold that
links TIM23 to the outer membrane import complex (TOM)
(Mokranjac et al., 2009); Tim21p is a transient subunit that has
been shown to interact with TOM or with respiratory complexes
(Chacinska et al., 2005); Mgr2p/Romo1 bridges TIM23 to the
presequence translocase-associated motor (PAM) and is thought
to regulate the lateral release of proteins harboring stop-transfer
sequences. Interestingly, there is contrasting evidence that
Tim21p either prevents or facilitates the coupling between TIM23
and PAM (Gebert et al., 2012; Ieva et al., 2014). Moreover, the
protein Pam18p reportedly regulates this coupling by displacing
Mgr2p and promoting anterograde import of matrix-targeted
proteins (Schendzielorz et al., 2018).
The conserved Mgr2 protein was firstly identified in a
genetic screen searching for genes required for survival of yeast
cells lacking mitochondrial DNA (Dunn et al., 2006). Several
studies on the mammalian variant, Romo1 (reactive oxygen
species modulator 1) suggested its involvement in regulation
of mitochondrial morphology and apoptosis (Chung et al.,
2006; Zhao et al., 2009; Kim et al., 2010; Norton et al.,
2014). More recent studies showed that Mgr2p could be copurified with the TIM23 complex. In mitochondria lacking
Mgr2p, the TIM23 complex was devoid of Tim21p and was no
longer associated with the PAM complex (Gebert et al., 2012).
As a consequence, substrates normally directed to the matrix
accumulated at the inner membrane (Ieva et al., 2014). On
the other hand, overexpression of Mgr2p enhanced sorting of
proteins into the matrix. Taken together, these results supported
the interpretation that Mgr2p regulates the dual sorting function
of TIM23. However, it is unknown whether Mgr2p impacts
the channel activity of TIM23. Here, we address this question
using patch clamp electrophysiology. Our results indicate that
Mgr2p deletion impacts the channel gating behavior, which may
impinge upon its role in the dual sorting function of the TIM23
complex.

Pull-Down Assays
Mitochondrial pellets (300 µg) from TIM23 and tim23-G145L
strains were processed for pull down assays as previously
described (Ieva et al., 2014). Briefly, mitochondrial extracts were
incubated with 30 µL Ni2+ –nitrilotriacetic acid–agarose beads
(Hylabs) and 250 µL pull-down buffer in 0.05% digitonin. After
45 min incubation in a rolling shaker at 40◦ C, the mitochondrial
samples were centrifuged at 1000 g for 1 min, unbound
fractions (supernatant) were collected, and the bound fractions
(pellet) were washed three times with 250 µl of pull-down
buffer supplemented with 0.05% digitonin. These fractions were
analyzed by immunoblotting with anti-Tim17p, anti-Tim23p,
anti-Tim50p, and anti-Mgr2p antibodies.

Patch Clamping
Patch-clamp procedures and analyses were described elsewhere
(Peixoto et al., 2007). The patch solution was 150 mM KCl
and 5 mM HEPES, pH 7.4 both in the pipette and in
the bath (symmetrical conditions). TIM23 channel identity
was confirmed by bath perfusion with 5 µM yCoxIV(1−13)
presequence. Currents with abnormal gating properties but
with yCoxIV(1−13) sensitivity were ascribed as “residual”
Tim23 channels. Currents were recorded from at least three
individual inner membrane preparations from each yeast strain.
Voltage clamp was performed with the excised configuration
of the patch-clamp technique using an Axopatch 200 or
Dagan 3900 amplifier. Currents were low-pass filtered at
2 kHz and digitized with a sampling rate of 5 kHz using
a Digidata 1322A digitizer and Clampex 8.2 software (Axon
Instruments). Clampfit 8.2 (Axon Instruments) and WinEDR
2.3.3 (Strathclyde Electrophysiological Software; courtesy of J.
Dempster, University of Strathclyde, United Kingdom) were used
for analysis of channel activity.

MATERIALS AND METHODS
Yeast Strains and Isolation of
Mitochondrial Inner Membranes

RESULTS AND DISCUSSION

Saccharomyces cerevisiae WT (MATa his311 leu210 met1510
ura310; BY4741) and mgr21 (MATa his311 leu210 met1510
ura310 mgr21kanMX4; EUROSCARF Y02154) mutant strains
generated in the S288C background were grown at 32◦ C, 225 rpm
in YPLac medium to OD600 of 1.0. The TIM23 and tim23-G145L
mutant strains (Demishtein-Zohary et al., 2015) were grown in
YPLac to OD 1.0 at 24◦ C, 120 rpm.
Respiring mitochondrial inner membranes were extracted
from 2 g of yeast pellets by differential centrifugation and treated
in a French press. After purification, the inner membranes
were reconstituted in proteoliposomes (Peixoto et al., 2007).
Briefly, 5 µg membranes and 1 mg small phosphatidylcholine

The multi-subunit TIM23 complex is the main pathway
for protein import into the mitochondrial inner membrane
and the matrix (Schulz et al., 2015). Despite intensive
characterization over the previous decades, new TIM23 subunits
and interaction partners continue to emerge. More recently,
co-precipitation studies have identified the Mgr2 subunit,
which is believed to serve as a “gatekeeper” for protein
sorting in the yeast mitochondrial inner membrane. Based on
in vitro protein import experiments into yeast mitochondrial
fractions either lacking or overexpressing Mgr2p, it was
suggested that this new subunit regulates the lateral release
of preproteins into the inner membrane. Mgr2p was shown
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FIGURE 1 | Effect of Mgr2 deletion on the channel activity of TIM23. (A–C) Representative patch clamp current traces show TIM23 channel activity recorded from
indicated mitochondrial inner membrane preparations before and after addition of 5 µM presequence peptide yCoxIV(1−13) . The vertical and horizontal scale bars
indicate conductance in nanosiemens and time in seconds, respectively. Open “o” and closed “c” states are indicated to the right of the current traces. (B) Bar
histograms of normal and residual TIM23 channel frequencies in WT and mgr21 mitochondria. Data are average from n > 50 recordings per condition.
(D) Immunoblotting following a pull-down assay shows the presence of the indicated TIM23 components in total (T), unbound (UB) and bound B fractions from
mitochondria containing wild type (WThis ) or mutant (G145Lhis ) Tim23 protein.

accompanied by an increase in residual channel activities that
were still sensitive to the synthetic presequences (Figures 1A,B).
Aside from increasing normal TIM23 activity, it has been
previously demonstrated that yCoxIV(1−13) can be imported by
respiring mitochondria (Martinez-Caballero et al., 2007b).
This was confirmed routinely in our preparations, and
Mgr2p elimination did not impair yCoxIV(1−13) accumulation
(Supplementary Figure S2). Interestingly, mgr21 mitochondria
displayed disparate sensitivity to synthetic presequences:
rather than a reversible increase in activity, the residual
channels underwent a stepwise and irreversible closure (not
shown).
In order to independently verify these results, we resorted
to a yeast strain harboring a G145L mutation in the second
transmembrane helix of the Tim23 protein. This mutation
caused loss of the Mgr2 subunit from the TIM23 complex, as
shown in pull down experiments using the Tim23 protein as
bait (Figure 1D). Patch clamp analysis showed residual TIM23
activity, as seen in the mgr21 membranes (Figure 1C). However,
there was an even more dramatic decrease in normal channel
frequency (∼16%, not shown), which at closer examination
of the pull-down experiments may reflect partial loss of the
channel subunit Tim17p as well as Tim50p from the tim23G145L strain. In accordance, it has been previously demonstrated
that depletion of Tim17p renders current traces with no gating

to crosslink with the preproteins in transit, suggesting its
close proximity to the translocation pore (Ieva et al., 2014).
However, the exact mechanism of protein translocation is
unknown.

Effect of Mgr2p Removal Upon TIM23
Channel Activity
We examined the impact of Mgr2p deletion on the channel
activity of TIM23 using patch clamp electrophysiology.
Mgr2p deletion was confirmed by immunoblot and
immunofluorescence (Supplementary Figure S1) and the
integrity of the remaining TIM23 core complex was reported
elsewhere (Gebert et al., 2012). Figure 1A shows sample
current traces representative of normal TIM23 conductance
rapidly gating between open, semi-open, and closed levels
(Martinez-Caballero et al., 2007b). Albeit similar to that
of TIM22, this gating behavior is sensitive to synthetic
presequences like yCoxIV(1−13) (Peixoto et al., 2007).
Therefore, presequence sensitivity can be used to ascertain
the identity of TIM23-like channel currents in inner membrane
preparations. Wild type mitochondrial inner membranes
displayed normal TIM23 channels in 69.8 % of the patches
(n = 50, Figure 1B). Conversely, this frequency dropped
to 39 % when analyzing mgr21 mitochondria. This was
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transitions and altered sensitivity to presequence signal
peptides (Martinez-Caballero et al., 2007a). A more recent
study showed that removal of an intramolecular disulfide
bond facing the inner membrane space of Tim17p (between
cysteines 10 and 77) caused similar gating impairment
(Schendzielorz et al., 2018). Based on examination of deletion
strains, it was proposed that the bond is catalyzed by
the intermembrane space oxidoreductase Erv1p. Another
candidate promoting disulfide bond formation might be
Mgr2p given that its deletion caused gating impairment akin
to that observed in the tim17 mutants. Future studies will
investigate this possibility, as well as the ability of Mgr2
overexpression to reverse the gating impairment in the Tim23p
mutants.
Despite some similarity to the Tim17p depletion studies,
our results do not support a structural role of Mgr2p
within the TIM23 pore. Instead, the presence of both
normal and residual activities indicates that Mgr2p depletion
affects the stability of the TIM23 core complex. It is
unclear if Mgr2p transiently interacts with the TIM23
complex in vivo. If this were the case, the patch clamp
data could indicate that the insertion mechanism involves
synchronized disassembly of TIM23 during protein import,
thus entrapping preproteins in the inner membrane. Future
studies will address this possibility by evaluating native
TIM23 activity and integrity in the presence of synthetic
peptides harboring both an N-terminal and a stop-transfer
presequence.

AUTHOR CONTRIBUTIONS

REFERENCES

mitochondrial inner membrane. Mol. Cell 56, 641–652. doi: 10.1016/j.molcel.
2014.10.010
Ishihara, N., Fujita, Y., Oka, T., and Mihara, K. (2006). Regulation of mitochondrial
morphology through proteolytic cleavage of OPA1. EMBO J. 25, 2966–2977.
doi: 10.1038/sj.emboj.7601184
Jin, S. M., Lazarou, M., Wang, C., Kane, L. A., Narendra, D. P., and Youle,
R. J. (2010). Mitochondrial membrane potential regulates PINK1 import and
proteolytic destabilization by PARL. J. Cell Biol. 191, 933–942. doi: 10.1083/jcb.
201008084
Kim, J. J., Lee, S. B., Park, J. K., and Yoo, Y. D. (2010). TNF-alpha-induced ROS
production triggering apoptosis is directly linked to Romo1 and Bcl-X(L). Cell
Death Differ. 17, 1420–1434. doi: 10.1038/cdd.2010.19
Kinnally, K. W., Muro, C., and Campo, M. L. (2000). MCC and PSC, the putative
protein import channels of mitochondria. J. Bioenerg. Biomembr. 32, 47–54.
doi: 10.1023/A:1005560328334
Lohret, T. A., Jensen, R. E., and Kinnally, K. W. (1997). Tim23, a protein import
component of the mitochondrial inner membrane, is required for normal
activity of the multiple conductance channel, MCC. J. Cell Biol. 137, 377–386.
doi: 10.1083/jcb.137.2.377
Martinez-Caballero, S., Grigoriev, S. M., Herrmann, J. M., Campo, M. L., and
Kinnally, K. W. (2007a). Tim17p regulates the twin pore structure and voltage
gating of the mitochondrial protein import complex TIM23. J. Biol. Chem. 282,
3584–3593.
Martinez-Caballero, S., Peixoto, P. M., Kinnally, K. W., and Campo,
M. L. (2007b). A fluorescence assay for peptide translocation into
mitochondria. Anal. Biochem. 362, 76–82. doi: 10.1016/j.ab.2006.
12.015
Mokranjac, D., Sichting, M., Popov-Celeketic, D., Mapa, K., GevorkyanAirapetov, L., Zohary, K., et al. (2009). Role of Tim50 in the transfer of precursor
proteins from the outer to the inner membrane of mitochondria. Mol. Biol. Cell
20, 1400–1407. doi: 10.1091/mbc.E08-09-0934
Norton, M., Ng, A. C., Baird, S., Dumoulin, A., Shutt, T., Mah, N.,
et al. (2014). ROMO1 is an essential redox-dependent regulator of

OM performed the patch clamp experiments, mitochondrial
isolations, and immunohistochemistry. SJ and RH performed the
ROS measurements. KD performed the yCoxIV accumulation
and membrane potential measurements. LD and KD-Z
performed the pull down experiments. AA generated the
Tim23G145L strain, supervised experiments, and revised the
manuscript. CD generated the Mgr2p antibody, performed
the immunoblot in Supplementary Figure S1, and revised the
manuscript. PP performed the patch clamp, experimental design
and supervision, and manuscript writing.

FUNDING
This work was funded by grants from the American Heart and
Stroke Association (18AIREA33960383) and PSC-CUNY 6171600-49 to PP, by EMBO Installation Grant (2138) and European
Research Council Starting Grant (637649-RevMito) to CD, and
Feit Foundation grant to SJ.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2018.01960/full#supplementary-material

Bohnert, M., Rehling, P., Guiard, B., Herrmann, J. M., Pfanner, N., and Van
Der Laan, M. (2010). Cooperation of stop-transfer and conservative sorting
mechanisms in mitochondrial protein transport. Curr. Biol. 20, 1227–1232.
doi: 10.1016/j.cub.2010.05.058
Chacinska, A., Lind, M., Frazier, A. E., Dudek, J., Meisinger, C., Geissler, A.,
et al. (2005). Mitochondrial presequence translocase: switching between TOM
tethering and motor recruitment involves Tim21 and Tim17. Cell 120, 817–829.
doi: 10.1016/j.cell.2005.01.011
Chung, Y. M., Kim, J. S., and Yoo, Y. D. (2006). A novel protein, Romo1, induces
ROS production in the mitochondria. Biochem. Biophys. Res. Commun. 347,
649–655. doi: 10.1016/j.bbrc.2006.06.140
Danczak-Pazdrowska, A., Kowalczyk, M., Szramka-Pawlak, B., GornowiczPorowska, J., Szewczyk, A., Silny, W., et al. (2012). Interleukin-17A and
interleukin-23 in morphea. Arch. Med. Sci. 8, 1089–1095. doi: 10.5114/aoms.
2012.32421
Demishtein-Zohary, K., Marom, M., Neupert, W., Mokranjac, D., and Azem, A.
(2015). GxxxG motifs hold the TIM23 complex together. FEBS J. 282, 2178–
2186. doi: 10.1111/febs.13266
Dunn, C. D., Lee, M. S., Spencer, F. A., and Jensen, R. E. (2006). A genomewide
screen for petite-negative yeast strains yields a new subunit of the i-AAA
protease complex. Mol. Biol. Cell 17, 213–226. doi: 10.1091/mbc.e05-06-0585
Gebert, M., Schrempp, S. G., Mehnert, C. S., Heisswolf, A. K., Oeljeklaus, S.,
Ieva, R., et al. (2012). Mgr2 promotes coupling of the mitochondrial
presequence translocase to partner complexes. J. Cell Biol. 197, 595–604. doi:
10.1083/jcb.201110047
Herlan, M., Bornhovd, C., Hell, K., Neupert, W., and Reichert, A. S. (2004).
Alternative topogenesis of Mgm1 and mitochondrial morphology depend on
ATP and a functional import motor. J. Cell Biol. 165, 167–173. doi: 10.1083/jcb.
200403022
Ieva, R., Schrempp, S. G., Opalinski, L., Wollweber, F., Hoss, P., Heisswolf, A. K.,
et al. (2014). Mgr2 functions as lateral gatekeeper for preprotein sorting in the

Frontiers in Physiology | www.frontiersin.org

4

January 2019 | Volume 9 | Article 1960

Mirzalieva et al.

Mgr2 Regulates the Gating of the TIM23 Complex

mitochondrial dynamics. Sci. Signal. 7:ra10. doi: 10.1126/scisignal.200
4374
Peixoto, P. M., Grana, F., Roy, T. J., Dunn, C. D., Flores, M., Jensen, R. E., et al.
(2007). Awaking TIM22, a dynamic ligand-gated channel for protein insertion
in the mitochondrial inner membrane. J. Biol. Chem. 282, 18694–18701. doi:
10.1074/jbc.M700775200
Sass, E., Karniely, S., and Pines, O. (2003). Folding of fumarase during
mitochondrial import determines its dual targeting in yeast. J. Biol. Chem. 278,
45109–45116. doi: 10.1074/jbc.M302344200
Schendzielorz, A. B., Bragoszewski, P., Naumenko, N., Gomkale, R., Schulz, C.,
Guiard, B., et al. (2018). Motor recruitment to the TIM23 channel’s lateral gate
restricts polypeptide release into the inner membrane. Nat. Commun. 9:4028.
doi: 10.1038/s41467-018-06492-8
Schulz, C., Schendzielorz, A., and Rehling, P. (2015). Unlocking the presequence
import pathway. Trends Cell Biol. 25, 265–275. doi: 10.1016/j.tcb.2014.
12.001

Frontiers in Physiology | www.frontiersin.org

Zhao, J., Liu, T., Jin, S. B., Tomilin, N., Castro, J., Shupliakov, O., et al. (2009).
The novel conserved mitochondrial inner-membrane protein MTGM regulates
mitochondrial morphology and cell proliferation. J. Cell Sci. 122, 2252–2262.
doi: 10.1242/jcs.038513
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Mirzalieva, Jeon, Damri, Hartke, Drwesh, Demishtein-Zohary,
Azem, Dunn and Peixoto. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

5

January 2019 | Volume 9 | Article 1960

